We present a comprehensive comparison of the spin-aligned effective-one-body (EOB) waveform model of Nagar et al. [Phys. Rev. D 93, 044046 (2016)], informed using 40 numerical-relativity (NR) datasets, against a set of 149 = m = 2 NR waveforms freely available through the Simulation Extreme Spacetime (SXS) catalog. We find that, without further calibration, these EOBNR waveforms have unfaithfulness-at design Advanced-LIGO sensitivity and evaluated with total mass M varying as 10M ≤ M ≤ 200M -always below 1% against all NR waveforms except for three outliers, that still never exceed the 3% level; with a minimal retuning of the (effective) next-to-next-to-next-toleading-order spin-orbit coupling parameter for the non-equal-mass and non-equal-spin sector, that only needs three more NR waveforms, one is left with another two (though different) outliers, with maximal unfaithfulness of up to only 2% for a total mass of 200M . We show this is the effect of slight inaccuracies in the phenomenological description of the postmerger waveform of Del Pozzo and Nagar [arXiv:1606.03952] that was constructed by interpolating over only 40 NR simulations. We argue that this is easily fixed by using either an alternative ringdown description (e.g., the superposition of quasi-normal-modes) or an improved version of the phenomenological representation. By analyzing a NR waveform with mass ratio 8 and dimensionless spins +0.85 obtained with the BAM code, we conclude that the model would benefit from NR simulations specifically targeted at improving the postmerger-ringdown phenomenological fits for mass ratios 8 and spins 0.8. We finally show that some of the longest SXS q = 7 waveforms suffer from systematic uncertainties in the postmerger-ringdown part that are interpreted as due to unphysical drifts of the center of mass: thus some care should be applied when these waveforms are used for informing analytical models.
I. INTRODUCTION
Effective-one-body (EOB) [1] [2] [3] [4] waveforms informed by numerical relativity (NR) simulations [5] [6] [7] have played a central role in the detection, subsequent parameter-estimation [8] analyses and GR tests [9] of the gravitational-wave (GW) observations GW150914 [10] and GW151226 [11, 12] announced in 2015. EOB waveforms have also been employed to build frequencydomain, phenomenological models for the inspiral, merger and ringdown stages of the BBH coalescence [13] . Those models were also used to infer the properties [8] and carry out tests [9] of GR with GW150914 and GW151226. There are currently two avatars of the EOBNR models: the SEOBNRv* lineage, that was used both in its SEOBNRv2 (spin-aligned, nonprecessing) and SEOBNRv3 (generic, precessing, spins) [14, 15] realizations to analyze LIGO/Virgo data [16] . On the other hand, there is the SEOBNR ihes avatar [17] , that is currently restricted to aligned-spins (see however Ref. [18] for its extension to generically oriented spins) and has not yet been used in the analysis of experimental data. Though both models embody the same conceptual idea (i.e., the two body dynamics is represented as the dynamics of an effective particle whose conservative part is driven by some effective potential), there are several nontrivial differences. Let us just briefly quote some: (i) the choice of the resummation of the potential of the nonspinning sector; (ii) the treatment of spin-spin interaction; (iii) the incorporation of the (spinning) testparticle limit; (iv) the spin-gauge used for the spin-orbit sector as well as the approach to resumming the gyrogravitomagnetic functions; (v) the structure of the nextto-quasi-circular (NQC) corrections; (vi) the resummation of the residual waveform phases δ m ; (vii) the setup of low-eccentricity initial data; (viii) the choice of parameters that are informed through NR simulations. The SEOBNRv2 model [19] employed in the LIGO/Virgo data analyses has recently been upgraded to its SEOBNRv4 realization [20] . This new model features several analytical upgrades with respect to SEOBNRv2, including: (i) the use of the full 4PN EOB interaction potential, as obtained in Ref. [21] (and notably already incorporated in the SEOBNR ihes model [17] ) and (ii) the next-to-next-to-leading order correction to the (2, 2) residual amplitude 1 correction and phase of the factor-ized waveform [6, [25] [26] [27] that have been recasted from recent PN results [22] . In addition, the model is visibly improved with respect to SEOBNRv2 by calibrating it to a set of 141 NR waveforms, instead of the original 38 NR waveforms that were available in the calibration of SEOBNRv2. This procedure allows the new EOBNR waveforms to have faithfulness (at Advanced-LIGO design sensitivity) above 99% against all the NR waveforms discussed in Ref. [20] , including 16 additional waveforms used for validation, when maximizing only on the initial phase and time.
Reference [17] , hereafter Paper I, discussed the performances of the SEOBNR ihes model. Although being analytically different from SEOBNRv2, that model was similarly improved by using the same 38 NR waveforms used for the calibration of SEOBNRv2 in Ref. [19] . Now that most of the 141 waveforms used for the NR calibration of SEOBNRv4 in [20] are publicly available through the SXS catalog [28] , it is urgent to test the robustness of the EOBNR model of Paper I on such an extended sample of configurations. Doing this check is the main aim of this paper. We shall show that the model of Paper I, once interpolated to arbitrary mass-ratios and spins, will provide a dominant = m = 2 waveform mode whose unfaithfulness is always below 3% against all available NR waveforms. More precisely, we will see that it is always below (or equal to) 1% except for two outliers that are slightly above this threshold. We then proceed to add four more waveforms to the 39 used in Paper I to slightly retune the model in order to provide a slightly more reliable (effective) representation of the spin-orbit interaction (as well as of the postmerger-ringdown in a few cases) that yields values of the unfaithfulness always below 1%.
The paper is organized as follows. In Sec. II we briefly summarize the the NR data used in this paper. The cross-check of the SEOBNR model of Paper I against the spin-aligned waveforms publicly available in the SXS catalog is done in Sec. III. The improvement of the model, that is needed for just a few SXS NR waveforms, is discussed in Sec. IV, where it is found that the largest source of inaccuracy comes from the phenomenological description of the postmerger-ringdown phase based on the interpolating fit of Ref. [29] . Section V discusses in detail the EOB/NR comparisons for q = 7, notably pointing out systematic effects in the SXS waveforms due to the unphysical drift of the center of mass of the system. Finally, Sec. VI, explores the uncertainties of the model at the boundary of the "information" domain, by performing explicit comparisons with an equal-spin waveform with mass ratio q ≡ m 1 /m 2 = 8 and dimensionless ditional resummation procedures might be needed to improve the behavior of the waveform amplitude towards merger. We recall that additional resummations (through Padé approximants) were also found useful to be applied to the residual factorized correction to the waveform phase [24] .
spins χ 1 = χ 2 = +0.85 obtained using the BAM code. We argue that the largest source of uncertainty comes from the imperfect modeling of the postmerger-ringdown phase. This is the part of the model that needs the most radical improvements. After the conclusions in Sec. VII, the paper is complemented by an Appendix that summarizes some technical material that is needed in the main text.
II. NUMERICAL RELATIVITY DATA
The numerical waveforms are taken from two independent sets: the publicly available SXS catalog [28] produced with the Spectral Einstein Code (SpEC) [11, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] as well as a single waveform produced by the BAM code [44] [45] [46] .
We use 149 waveforms from the public SXS catalog [47] to validate the model. Conservative error bars are estimated by computing the phase difference at the NR merger (defined as the peak of the = m = 2 waveform amplitude) of the highest-resolution (H) waveform between the highest and second highest (SH) resolutions
This quantity is monotonically increasing up to merger and is zero at the start of the two simulations. For those simulations for which we only have a single resolution available, no error bar is given. For the SXS simulations, we use the asymptotic waveforms that have been extrapolated to future null infinity. As in Paper I, we use the N = 3 extrapolation order for the highest available resolutions in each simulation. The complete information for the NR runs used in this paper (and in particular the uncertainties at merger) can be found in Tables V-IX. In addition to the SXS simulations, we also use a BAM (8, +0.85, +0.85) waveform corresponding to approximately 15.7 gravitational wave cycles before merger [48] .
III. CHECKING THE SEOBNR IHES MODEL OF PAPER I A. Summary of the available analytical flexibility
The SEOBNR ihes model NR informed in Paper I has the following analytical flexibility: (i) an effective 5PN coefficient a c 6 entering the nonspinning sector of the model; (ii) an effective next-to-next-to-next-to-leadingorder (NNNLO) spin-orbit parameter c 3 , that is tuned in order to make the spin-orbit interaction stronger or milder with respect to the simple NNLO (resummed) analytical prediction encoded in the gyro-gravitomagnetic functions G S and G S * [49] [50] [51] , see Eqs. (41) and (42) of [51] ; (iii) a parameter ∆t NQC aimed at connecting the EOB and NR time axis, that is given by Eq. (21) of Paper I; (iv) four next-to-quasi-circular (NQC) parameters (a 1 , a 2 , b 1 , b 2 ) entering the = m = 2 waveform [51] ) that are determined by imposing osculation between the EOB and NR amplitude and frequency (and their time derivatives) close to merger 2 ; (v) the phenomenological description of the postmerger-ringdown waveform part introduced in Ref. [52] . In Paper I, in order to accomplish a very accurate description of both the NQC corrections and the ringdown, the exact values of the NR NQC-extraction point was used to determine the parameters (a i , b i ), as well as the primary ringdown fit of [52] , instead of some effective interpolation based on a sparse number of simulations. This choice (that is behind the central result of Paper I, the computation of the unfaithfulness in Fig. 9 and Fig. 21 ) was done in order to reduce the systematics in the determination of c 3 (or a c 6 ) related to the small sample of NR waveform data available, with rather little information available outside the equal-mass, equal-spin regime. By contrast, here we start by using the same values of (a c 6 , c 3 ) determined in Paper I, but we follow a different route to obtain the NQC parameters and to model the postmerger-ringdown waveform. More precisely: (i) the postmerger-ringdown waveform description adopted here is given by the global interpolating fits of Ref. [29] for the spin-aligned case and a special fit (presented here for the first time) for the nonspinning case (see Sec. III B below); (ii) we similarly use a different treatment for the NQC corrections: for the nonspinning case, the NQC parameters (a i , b i ) are obtained as fits of the "exact" coefficients determined after iterations (because thenĥ NQC 22 is included in the radiation sector [51] ) by imposing osculation with the actual NR waveform data point; on the contrary, for the spinning case, such fits are not sufficiently accurate so we instead present two different fits to the NR NQC-extraction point with the final NQC parameters being obtained after several iterations.
B. The nonspinning sector
We use the functional form of a 
2 is the symmetric mass ratio. This fit was determined using the first nine datasets in Table V , with mass ratios 1 ≤ q ≤ 9.99, plus a q = 1 15-orbit long dataset mentioned in Table I of Paper I. Here and below (as it was the case of Paper I) we use waveforms that have been extrapolated to future null infinity by using a polynomial of order N = 3, using the highest resolution available in the SXS catalog. In addition, for each of these datasets one can determine (after a few iterations) the corresponding NQC parameters (a 1 , a 2 , b 1 , b 2 ) that parametrize the = m = 2 NQC factor aŝ
where (n 1 , n 2 , n 1 , n 2 ) are functions that explicitly depend on the radial momentum and that are listed in Eq. (96) of Ref. [51] . The obtained values (a i , b i ) can then be accurately fit with a rational function in terms of the variable X ν ≡ 1 − 4ν. Using this procedure, we obtain
For the phenomenological description of the postmergerringdown part, we (i) first produce the postmerger primary fits as in [52] and then (ii) fit the coefficients as functions of ν. Referring the reader to Eqs. (4)- (10) of Ref. [52] for the coefficients entering the fit, we obtain the following ν dependences:
∆ω(ν) = 1.13387ν 2 − 0.006827ν + 0.114279, (12)
Note that in order to reduce systematic uncertainties, the primary fit behind these numbers have been obtained by using the values of the final black hole mass and angular momentum (M f , j f ) as given in the metadata.txt file for each SXS simulation. Evidently, when interpolating all over the parameter space we use (M f , j f ) as provided by the NR fits of Healy et al. [53] . By contrast, the QNMs frequencies are not computed by using the interpolating fits of Ref. [54] but are directly interpolated (with a cubic spline interpolant) from the the tables provided on E. Berti's website [55] .
Since in Paper I we were not using interpolating fits for either the NQC parameters or the postmerger-ringdown ones, it is interesting to evaluate again the quality of the nonspinning model in terms of unfaithfulness. The EOB/NR unfaithfulness (as function of the total mass M of the binary) is defined as
where (t 0 , φ 0 ) are the initial time and phase, ||h|| ≡ h, h , and the inner product between two waveforms (14), for all the nonspinning configurations of Table V . The outlier behavior of the 0002 configuration is due to large inaccuracies in the postmerger region of the NR waveform, see Fig. 2 .
is defined as
denotes the Fourier transform of h(t), S n (f ) is the zero-detuned, high-power noise spectral density of advanced LIGO [56] and f , except for a 32-orbit equal-mass simulation SXS:BBH:0002. The reason for this is that the NR merger and ringdown is rather inaccurate. This can be seen by comparing toF for the other two, equal-mass, 28-orbit long, datasets which saturate at the 0.1% level. TheF plot itself is not very informative for understanding what is going on. Instead, we find a usual time-domain analysis, comparing the EOB and NR amplitude and frequencies, more illustrative, as shown in Fig. 2 . In this figure, as well as below, Ψ 22 indicates the Regge-Wheeler-Zerilli normalized waveform [57] , defined as Ψ 22 ≡ Rh 22 / √ 24 where h 22 is the = m = 2 strain waveform in
The waves are aligned following our usual alignment procedure (described in details in Sec. VA of Ref. [58] is explicitly indicated on the figure 3 . As mentioned in Paper I, this remains remarkable because the value of a c 5 was determined exploiting only a 14-orbit-long waveform produced in one of the early SXS runs [33] , which is not part of the SXS catalogue but was used in the calibration of previous EOB models [24, 59] . All considered, Fig. 1 illustrates that our nonspinning EOB model is rather robust, simple and efficient (thanks to the global fits mentioned above, there is no need of iterating to generate waveforms for production purposes) and the EOB/NR values ofF are consistent with the expected numerical uncertainty once expressed in terms of this quantity [40] .
C. The spinning sector
Let us now proceed to the spinning sector, that was informed, in Paper I, using a sample of 30 spin-aligned NR simulations. These spinning configurations are listed, for convenience, in Table VI . Starting from this data, Paper I determined the following analytical representation for the NNNLO effective spin-orbit parameter c 3 as function of the individual spins
Here we have also defined 
The function (15) is composed of two parts: a part that accounts for equal-mass, spin aligned binaries, given by a rational function of onlyâ 0 ≡ã 1 +ã 2 , and a further two terms that parametrize the deviations away from the equal-mass, equal-spin regime. The procedure to obtain the fitting parameters {p 0 , n 1 , n 2 , d 1 , p 1 , p 2 , p 3 , p 4 } is as follows. First, we focused on the equal-mass, equal-spin case and for each corresponding dataset of Table VI c 3 wass determined by requiring that the phase difference between the EOB and NR waveforms, aligned in the early inspiral, and computed at NR merger, is comparable or smaller than the corresponding phase uncertainty at the NR merger point; interestingly, it was easy to find "good" values of c 3 that approximately lie on a straight line (except for very large spins), which eventually yielded to the rational function representation in Eq. (15) . A similar procedure was then followed for the unequal-mass, unequal-spin regime, similarly finding good values of c 3 that were then globally fitted so as to obtain the other two terms of Eq. (15) . To give a few more explicit details (52) . Tuning this parameter essentially corresponds to making the spin-orbit interaction stronger or weaker. In practical terms, this amounts to having a larger or smaller number of GW cycles between the inspiral and merger. Once the NR and EOB waveforms are aligned in the early inspiral, it is easy then to find "good" values of c 3 simply by hand. This is how the values in the third columns of Table I were actually obtained. In addition to this, the model has to be completed with NQC corrections and an expression of the NQC parameters over the full parameter space is required. Whilst obtaining a direct fit of (a i , b i ), as in the nonspinning case above, would ideally be the best solution (because once the model is NQC-informed by a restricted sample of NR data sets there is no need to iterate outside this calibration domain), in practice it proved difficult to find simple and easy-to-fit behavior, notably due to the large magnitude of the NQC amplitude parameters for equal-mass, large spin binaries, χ 1 = χ 2 0.9. The reason behind this is that the correction that has to be applied to the EOB waveforms might be rather larger towards merger for these configurations. Since the value of the radial momentum is small, one needs the NQC parameters to increase (they can be up to 4 or 5 times larger than the corresponding values for milder, or antialigned, spins) in order to be able to correct the waveform. As pointed out in Ref. [23] , an improved resum- mation of the factorized waveform amplitude can reduce the need of large NQC corrections and, eventually, help in obtaining simpler but accurate global fits of the NQC parameter. Since we postpone this study to future work, we have to find an alternative method to interpolate the NQC parameters outside the domain of calibration. We do so by looking for a global representation of the NR NQC-extraction point. . Inspecting the figure, one immediately notices that the q = 1.5 points behave somehow differently from the others. This is rather evident in the behavior ofȦ 22 as well as ω 22 , that are crossing the other q = 1 and q = 3 points instead of following the same trend and being in the middle. To avoid inclusion of possible systematics, we then drop all q = 1.5 datasets. Then we proceed by doing a two-step fit: (i) first, for each value of ν we fit the points versusâ 0 (with polynomials or rational functions, see below) then (ii) we fit the coefficients of this linearly versus ν. In practice, since we have many points for q = 1, we use two separate fits: (i) a special fit, very accurate, obtained for q = 1 only, that employs fourth-order polynomials inâ 0 for (A 22 ,Ȧ 22 , ω 22 ,ω 22 ); (ii) a second fit that takes into account all data, but that uses a two-parameters rational function inâ 0 for ω 22 and quadratic functions inâ 0 for the other quantities. More quantitative details about these fits are given in Appendix A. Using this "interpolated" representation of the NR NQC functioning point, (A 22 ,Ȧ 22 , ω 22 ,ω 22 ) fit , together with the functions for c 3 and a c 5 discussed above, we are now in the position of checking the faithfulness of the model all over the spin-aligned configurations available in the SXS catalog. We note that these are actually a few less than those used in Ref. [20] , since specific dataset produced for that study are not public yet. We generate EOB waveforms and we computeF . The EOB waveforms are typically very long, since the relative initial separation is r 0 /M = 24 in terms of the EOB radial coordinates. Then, they are cut at some geometric frequency corresponding to a time on the NR time-axis of a few hundreds M 's after the junk radiation. Both NR and EOB waveforms are then tapered before taking the Fourier transform. The total mass of the binary is varied between 10M ≤ M ≤ 200M ; results are shown in Fig. 4 . As in the nonspinning case discussed above, the horizontal, dotted, blue line marks the 3% limit, while the horizontal, black, dotted line marks the 1% limit. The figure illustrates that: (i) despite relying on the fact that (a c 6 (ν), c 3 ) as well as the NQC and ringdown parameters were informed using the rather small sample of 39 NR waveforms (and notably only the 13 asymmetric NR datasets of Table I, the unfaithfulness is always below 3% over the whole NR catalog of publicly available 149 spin-aligned waveforms; (ii) more precisely, max (F ) turns out to be always below 1% (and when it is so the corresponding line is depicted grey in Fig. 4 ) except for two dataset that just hit this level (2, +0.85, +0.85) (with max (F ) = 1.04%) and (3, +0.73, −0.85) (with maxF = 1.05%), and another two that are larger (1, +0.90, 0) (with max (F ) = 1.39%) and more importantly (1, +0.90, +0.50), that reaches max (F ) = 2.49%. None of these datasets was available at the time of Paper I; (iii) the results of Paper I, and in particular Fig. 9 there, are essentially confirmed, though just slightly worsened because of the use of interpolating fits for both the NQC point and the postmergerringdown part; (iii) the line depicted in colors in the figure are datasets that were found "problematic" (i.e. with max (F ) > 3%) for SEOBNRv2, as illustrated in Fig. 2 of Ref. [20] , but they are below or comparable to the 1% level here. It is worth commenting in particular the case (1, −0.90, +0.90): since the spins are equal and antialigned and q = 1, one can easily see inspecting analytically the EOB dynamics that the spinorbit interaction gets essentially canceled and it is only the effect of the spin-spin interaction (that is subdominant) that cumulates with to the orbital dynamics. Since we see (check Table V ) that there is a good match between EOB/NR for (1, 0, 0) one a priori expects that (1, −0.90, +0.90) will work similarly well. Not surprisingly, then, this is what we find in Fig. 4 FIG. 4. EOB/NR unfaithfulness computed all over the spinaligned SXS NR catalog. The dark-blue curves are those with 1% max (F ) < 3%. The grey ones correspond to max (F ) < 1%. The colored curves are those configurations where max (F ) computed between the corresponding NR data and the SEOBNRv2 EOB model is larger than 3% as found in Ref. [20] . Remarkably, except the case (2, +0.85, +0.85) these configurations are all well below the 1% level. the order of 0.1% over the full mass range. This looks rather different from the SEOBNRv2 case, whereF gets above the 3% limit, see Fig. 2 of Ref. [20] . Before discussing the "outliers" with 1% max (F ) < 3%, we produce a time-domain phasing comparison, in Fig. 5 , between the EOB and NR waveforms for (3, +0.85, +0.85), dataset SXS:BBH:0293. This plot is the analogous of the time-domain check of SEOBNRv4 model, see Fig. 4 of Ref. [20] , although no additional calibration of the model of Paper I was needed to obtain such result. The top panels of the figure show the fractional amplitude difference (orange) and the phase difference (blue), obtained by aligning in time and phase the two waveforms with our standard technique that relies on minimizing the phase difference between the frequencies corresponding to the time-interval marked by the two vertical lines. We note two things: (i) from Table IX one sees that the nominal NR uncertainty at merger for this dataset is δφ NR mrg = 1.15 rad, so the EOB/NR phase difference at merger ∆φ EOBNR mrg = 0.56 rad is fully compatible with this conservative numerical uncertainty; (ii) the derivative of the phase difference in the top-right panel of the figure is discontinuous at merger, where the EOB inspiral-plungemerger description is matched to the phenomenological description of the postmerger-ringdown of Ref. [29] . We recall that this phenomenological ringdown representation is built interpolating among the same sample of NR data (plus the case (5, −0.9, 0)), mostly around the equalmass, equal-spin configurations, used in Paper I. In this case, the inaccuracy visible in the time-domain analysis is practically irrelevant for current unfaithfulnesses standard (i.e. max (F ) < 1%), but the same effect can be more important in other configurations, eventually yielding larger values ofF , as we shall see below.
Let us now produce a similar analysis for the four outliers, with 1% max (F ) < 3% in Fig. 4 , so to physically understand what is (slightly) inaccurate and eventually improve it. The time-domain waveforms comparisons are shown in Fig. 6 . As above, the vertical lines mark the alignment region. One sees that each EOB waveform develops a secular phase difference with respect to the NR one, that develops at latest 2000/3000M before merger. The effect is visually analogous to what appears in Fig. 5 , though the main difference is now that the EOB/NR phase differences at NR merger, ∆φ
rad, are always larger (except for the the (3, +0.73, −0.85) case) than the numerical nominal NR uncertainties δφ NR mrg = (+1.7, +2.9, +0.3, −0.66) This suggests that some strongfield information is (effectively) not incorporated properly in the model. Interestingly, the "worse" result in terms of phasing, for (2, +0.85, +0.85), where the EOB waveform accumulates as much as 3.7 rad of dephasing at merger with respect to the NR one, is actually the one (among these four) with the smallest value of max (F ), see Fig. 4 . This example illustrates that great care should be put in stating the quality of an analytical waveform model using onlyF as a diagnostics. In fact, althoughF is a useful and essential observable in addressing how good a waveform model is for data-analysis purposes, it might hide important information about the actual compatibility of an analytical (and usually approximate) model versus a NR simulation that is supposed to represent the "exact" result (modulo numerical uncertainties). In other words, if it is true that having a small F (e.g 1%) is a necessary criterion to define whether a waveform model is viable for data-analysis purposes (in Fig. 4 . The waveform are aligned using standard procedure in the time-window indicated on the plots. The phase difference between EOB and NR waveforms, ∆φ EOBNR , at merger is typically larger than the corresponding NR error. This calls for the improved determination of c3 discussed in Sec. IV. particular for detection, sinceF < 3% translates into a loss of detections smaller than 10% [60] ), it may not be a sufficiently stringent one to conclude that the analytical model is a fully reliable representation of the physics encoded into a NR waveform.
The opposite situation (i.e., with the phase difference is smaller/compatible with the NR error) is instead found for (3, +0.73, −0.85) configuration, but in this case max (F ) is just at the border of the usually accepted 1% unfaithfulness region (the gorwth ofF is actually due to inaccuracies in the postmerger-ringdown EOB waveform, as we will discuss below and just marginally from the inspiral-plunge). On the contrary, for the other two datasets, the accumulated phase difference is rather large and lies, again, outside the nominal error bar (which is positive), but now this is also clearly mirrored in the values ofF above the 1% threshold. Inspecting the plots, one sees that for all datasets except (2, +0.85, +0.85) the EOB waveform is longer than the NR one, with the effect more pronounced in the q = 1 cases. Within our EOB framework, we physically interpret this fact, in simple terms, by saying that the spin-orbit part of the EOB Hamiltonian is too strong, i.e. the repulsive effect of the positively aligned spin is too large. By contrast, for (2, +0.85, +0.85) the spin-orbit coupling is too weak and the system plunges faster than it should according to the NR prediction. A simple, new, determination of c 3 is what it is needed to reduce the EOB/NR phase differences and eventually obtain smaller phase differences as well as smaller values ofF
IV. IMPROVING THE MODEL WITH MINIMAL AMOUNT OF ADDITIONAL NR INFORMATION
Let us now investigate how the already good results discussed in the previous paragraph can be improved by including a (minimal) additional amount of NR information to the existing EOBNR model. In practice, we inform a new fit for the (p 1 , p 2 , p 3 , p 4 ) entering Eq. (15) by using the q = 1 and q = 2 outliers mentioned above to determine improved value of c 3 such to reduce the EOB/NR phase difference up to merger and make it closer to the (24)- (27) . Note the improvement for (2, −0.87, +0.85) (cf. Fig. 4 ) that is prompted by having determined a better value of c3 for (2, +0.85, +0.85).
The two outliers (that in nominal NR error bar. In addition, we shall also use more NR waveform data to compute an improved interpolating fit of the NR NQC functioning point. By contrast, as mentioned above, here we do not use more NR incorporate more datasets to construct an improved phenomenological description of the postmerger-ringdown waveform (see Ref. [20] in this respect).
A. NR-driven modifications of c3(ν,ã1,ã2)
To determine an improved function for c 3 we proceed as in Paper I and as briefly reminded above. The EOB and NR waveforms are aligned in the early inspiral and c 3 is chosen so to reduce the phase difference at merger in a way that ∆φ EOBNR mrg is compatible (or below) the nominal NR error bar. The fact that, in Fig. 6 , the EOB waveform is longer (shorter) than the NR one means that, for these configurations, one has to increase (decrease) the value of the parameter c 3 with respect to the interpolation provided by Eq. (15) Table I and a new global fit using the same functional form of Eq. (15) is performed. The equal-mass, equal-spin part of the fit for c 3 remains untouched, and we only modify the coefficients (p 1 , p 2 , p 3 , p 4 ) , that now read 
Using such improved analytical representation for c new 3 (ν,ã 1 ,ã 2 ) (and without changing anything else with respect to the previous model) we perform a novel computation ofF . The inclusion of the three new "information" points makesF always below the 1% level, though now with the exception of two dataset that reach the ∼ 1.5% level for M = 200M due to inaccuracies in the modeling of the postmerger phase, as we will illustrate in detail below. Note in addition that for (1, +0.90, +0.50) max ((F )) is just below 1% (0.89%): this was done somehow on purpose to avoid overtuning, by simply requiring that the EOB/NR phase difference at merger, ∆φ EOBNR mrg , is halved with respect to the previous case (see in this respect line 71 and 72 of Table VII ). Seen our, very conservative, estimate of the error bar on the NR phasing, we think this is a reasonable choice to improve the EOB/NR agreement within the NR phase uncertainty. Let us turn now to discuss in detail the two outliers, (3, +0.73, −0.85) and (2, +0.87, −0.85). The first configuration was already shown to be "quasi-problematic" in Fig. 4 and in the bottom-right panel of Fig. 6 . The second one was not labeled as problematic, becauseF < 1%, but in fact in Fig. 4 it is that grey line that closely follows the behavior of the (3, +0.73, −0.85) i.e. it is monotonically growing with M to reach a value just barely smaller than 1% at M = 200M . The inspection ofF alone seems then to indicate that no improvement is brought here by the new determination of c 3 . This is actually not true and it is hidden by the unfaithfulness plot, that, being given by an integral, hides important local properties of the waveform. To appreciate this, we show the time-domain phasing comparisons in Fig. 8 : one sees here that, for (3, +073, −0.85) the previous large EOB/NR phase difference at merger of ≈ −0.66 rad is absorbed by the new value of c 3 (c 3 = 27.9) that is smaller than the previous value (c 3 = 22.9) so to effectively reduce the spin-orbit coupling and make the system plunge faster. Similar consideration apply to the other dataset, where the previous dephasing at merger ∆φ EOBNR mrg = −1.8 rad is now reduced to ≈ −0.13 rad, wich is compatible with the nominal error bar δφ NR mrg 0.7 rad. By contrast, in both cases most of the EOB/NR phase difference is accumulated after the merger and mirrors the inaccuracy, in these particular cases, of the interpolating postmerger waveform model that we are using here [29] . This is not that surprising, since the model of Ref. [29] was obtained through interpolation of a rather sparse sample of primary ringdown fits that do not include, for example, any q = 2 waveform data. To prove this is indeed the case, and to remove the inaccuracies coming from the various interpolating fits, we show in . This indicates that a fully acceptable model could be obtained by just improving the merger and ringdown description, without changing the value of c 3 . For example, this could be achieved by using more NR waveform data to produce a more accurate ringdown interpolating fit, as recently done in Ref. [20] . Here, we actually try to explore a different route 5 , recalling that the original EOB "recipe" is to construct the ringdown as a superposition of QNMs [2, 6] This basic approach, though in general successful, might be subtle (and in- 5 As mentioned in Ref. [29] , the primary fitting template becomes progressively less accurate when the mass ratio is increased and it should be eventually modified. For this reason, a detailed study is postponed to future work. accurate) for high positive spins, so that pseudo-quasinormal modes frequency were introduced and determined via comparison with NR waveform data [14, 19, 61, 62] . However, in situations where the final black hole spin is not too extreme (a f +0.8), as in this case, the standard QNMs superposition is usually reliable, and offers the possibility of computing accurately the postmerger waveform even without any NR input except the values of the final black hole mass and angular momentum. We then apply the ringdown matching procedure, following Refs. [6, 63] , by using N = 8 QNMs matched to the EOB waveform on a small interval ∆t QNM = 0.5M . This approach yields a sufficiently accurate description of the ringdown waveform, as highlighted by the dot-dashed lines in Fig. 10 . The figure also illustrates the difference between using the "exact" NR NQC point or the interpolating fit, something that also slightly worsens the global performance. This exercise, done here only on the two outliers, is interesting in that illustrates the power of the simplest approach to ringdown modelization and might eventually turn out useful in regions of the parameter space where the interpolating global fit is clearly inaccurate, provided the final black hole spin is not too high (a f + 0.8). The inaccuracy of the phenomenological ringdown description can be easily spotted by inspecting the GW frequency, that develops a large discontinuity at the matching point. In our specific case, such a step in the frequency is behind the cusp appearing in the phase differences Fig. 8 . At a practical level, when this inaccuracy is found, the waveform generation algorithm can simply switch from the phenomenological fit to the superposition of QNMs. Although this looks like an easy way out, one has to be aware that a comprehensive estimate of the accuracy of this analytic ringdown representation as function of the binary parameter, and in particular its dependence on the number of QNMs, is currently lacking and will need a dedicated study. In particular, it will be interesting to analyze the performance of the recipe we present here (∆t QNM = 0.5M , N = 8) all over the SXS catalogue.
We finally stress that the results displayed in Figs. 7 and 10 obtained with a new determination of c 3 with respect of Paper I are certainly not the best possible ones that can be achieved within the current theoretical framework. For pedagogical reasons, here we choose to implement only minimal changes in c 3 in order to easily accomodate only outliers above 1% and contemporarily to test the robustness of the model of Paper I. We did so by only asking that the phase difference, for those particular datasets, be smaller and/or comparable to the error bar. Actually, other datasets similarly show phase differences at merger larger than δφ NR mrg , for example (3, +0.85, +0.85), though this is still yielding max(F ) < 1%. In principle, one could have retuned c 3 even more with respect to Paper I so to further reduce the EOB/NR phase difference (compatibly with the error bar), so to eventually obtain even smaller values ofF . This will be done in a future study that will take advantage of an improved analytical description of the resummed waveform amplitudes [23] . The minimal changes we implemented here are mainly aimed at highlighting the simplicity of the tuning procedure and the robustness of the original as well as improved model all over the SXS waveform catalog.
B. Effect of improved fits for the NR NQC-extraction point
We saw in the previous section that it is possible to improve the faithfulness of the EOB[NR] model of Paper I against the full SXS catalogue by just including three more NR configurations that eventually provide a new fit for c 3 . In addition, the analysis above has also clearly highlighted that, though the phenomenological description of the ringdown of Ref. [29] may become inaccurate already in important regions of the parameter space with 2 ≤ q ≤ 3, old ideas and methods for modeling the postmerger-ringdown part prove effective to improve the global accuracy of the model without the actual need of additional NR information. By contrast, the purpose of this Section is to explore how the previous result change by using more NR waveform data to improve one specific part of the EOBNR model, i.e. the determination of the NQC parameters. As an exploratory analysis, we investigate howF changes by just using more NR dataset to determine the fit of the NR NQC extraction point. In doing so, both c 3 and the postmerger description remain unchanged with respect to previous section. We compute here a new fit of (A,Ȧ, ω,ω) NR t NR NQC using the following data: (i) the same q = 1 data used before; (ii) all the q = 2 and q = 3 equal spin datasets, either aligned or anti-aligned with the angular momentum. We do not consider unequal-spin datasets, except for the ones with (±0.5, 0) that were previously included; (iii) we take into account the 4 datasets with q = 5, with spins (−0.9, 0), (0.0) and (±0.5, 0); (iv) we drop all NR waveforms with q > 5. In particular, we discard all the seven available datapoints with q = 7, since their behavior versusâ 0 appears qualitatively different compared to both q = 5 and q = 8 data, and especially inconsistent with them for the longest (7, ±0.4, 0) waveforms. We will argue in Sec. V below, that it is (partly) related to some (unphysical) drift of the center of mass and, as such, we discard these points to avoid introducing systematics in the fits. This is clearly illustrated in Fig. 11 , that displays versusâ 0 for all the configurations we take into account. Interestingly, the plot also illustrates that our previous ansatz for A 22 andȦ 22 to be simple quadratic functions ofâ 0 for q > 1 is incorrect, since their actual behavior is qualitatively closer to the q = 1 case. For q = 5 we cannot make any statement, but since we now have 4 points for this q, we can use a cubicin-â 0 ansatz for the amplitude and its derivative instead of the incorrect quadratic one we were obliged to choose before because of lack of datapoints. The explicit values of the fit coefficient (that are used for q > 1 only, but are determined also including the q = 1 data) are given in Table IV . Evidently, in order not to lose accuracy, for q = 1 we still use the previusly determined best fit obtained with 4-th-order-in-â 0 polynomials as given explicitly in Table II . With these improved fits, we regenerate all EOB waveforms for q > 1 with improved NQC points and recompute the EOB/NR unfaithfulness. The updated result is shown in Fig. 12 , where we are also using the QNMs-superposition description for the postmergerringdown for (2, +0.87, −0.85) and (3, +0.73, −0.85). To try to quantify the differences between Figs. 7-10 and 12, (though one can see that the colored lines have slightly changed), it is convenient to look at histograms of the maximal faithfulness, max(F ) ≡ max(F )) − 1, that we display in Fig. 13 indicated by the vertical dashed lines in the figures. It is interesting to note that the use of a more accurate, and robust, fit of the NQC point that incorporates more NR information, though absolutely needed for theoretical reasons in order to improve the EOB/NR consistency at merger, has essentially no impact on this diagnostics.
V. SXS DATASETS WITH q = 7
Let us now come back to the q = 7 line in Fig. 11 to investigate the probable origin of this behavior. Before doing so, let us however focus on the EOB/NR comparison for (7, +0.4, 0), SXS:BBH:0204, whose merger behavior was showing the largest deviation with respect to the global trend of the other datasets. The SXS:BBH:0204 dataset is the longest waveform currently present in the SXS catalog, with approximately 88.4 orbits from the beginning fo the inspiral to merger and ringdown. The standard phasing comparison is illustrated in Fig. 14. The agreement all over is extremely good, with the phase difference barely reaching the 0.1 rad value just a few orbits before merger. However, the top-right panel of Fig. 14 also illustrates rather dramatic phase differences during postmerger-ringdown, with large-amplitude oscillations. The analysis of the waveform amplitude and frequency, top panel of Fig. 15 gives a better understanding of what is going on. First, the modulus looks to have a quite peculiar shape around merger (the peak is wide, with visible oscillations) and also quite relevant oscillations occurr in the frequency during the (expected) ringdown plateau. These oscillations resamble the well-known beating between prograde and retrograde modes, though such an amplitude looks weird here because this type of behavior is typical only when the spins are anti-aligned with the angular momentum, and large. So, it seems that there is something unexpected in these waveform, that was also apparent in the NQC plot shown before. These features illustrate clearly that, as with all numerical relativity codes, the use of waveforms requires some care and attention to detail due to the existence and presence of unexpected features. Gravitational-wave data generated from such codes are gauge dependent and may contain artefacts from the numerical schemes used in the construction of the initial data and subsequent evolution of the binary black holes. In particular, the SXS publicly available waveforms are known to contain some features that must be accounted for when comparing to or calibrating semi-analytical waveform models. For example, it was recently highlighted that that SXS waveforms contain unmodeled features arising from the displacement and drift of the center of mass, as seen in Fig. 16 [41] [64] .
The presence of such centre-of-mass (CoM) drifts has been associated to the incomplete control of the ADM linear momentum P ADM in the construction of initial data [65] . The existence of residual linear momenta leads to an overall drift of the CoM of the binary leading to a number of unmodeled effects. Most notably, as the binary drifts from the origin, the gravitational wave extraction spheres will move off-center with respect to the center-of-mass inducing mode-mixing between the spherical harmonic modes [65] . This coupling between the CoM drift and the outer boundary was also identified in the long-duration, nonspinning, q = 7 SXS simulation [41, 65] . SpEC employs constraint preserving outer boundary conditions that are designed to work optimally for lower order spherical harmonics. As the binary drifts or develops non-trivial recoils, the higher order spherical harmonics can become more important and may lead to a runaway acceleration of the CoM [41, 65] . This effect was discussed for the q = 7, nonspinning, run in which the center-of-mass was observed to increase exponentially with time [41] . The growth rate of the drift was found to depend on the outer boundary radii behaving like σ ∝ R 1.45 with timescales on the order of ∼ 2.6 × 10 4 M for that run. Notably, Ref. [41] pointed out that the com drift eventually yielded effects on the = m = 2 such to make the merger part rather inaccurate.
A preliminary study of the impact of such drifts on all SXS waveforms was presented in [64] . Here it was seen that the (2, 1), (3, 3) and (3, 1) modes exhibited distinct oscillations that were not visible in the other waveform modes. These modes can be seen to have the largest coupling to the dominant (2, 2) mode under translations in the x − y plane, suggesting that the unphysical oscillations are a consequence of the mode-coupling induced by the drift of the center-of-mass [64] . At merger, it can be seen that power is transferred between modes, leading to corrections above the %-level to the modeamplitudes. For the SXS:BBH:0004 simulation considered in Ref. [64] , the amplitude of the (2, 1) the EOB/NR disagreement between both modulus (around merger) and frequency (oscillations during the ringdown phase) is evident, and mostly due to the unphysical drift of the center of mass of the system. Once this effect is approximately corrected (as illustrated in Fig. 16 below), the NR waveform is visibly more consistent with the EOB one.
modes as a fraction of the (2, 2) mode were seen to change by over 1.3% and the amplitude of (3, 1) by ∼ 0.35%. However, Ref. [64] also introduced a framework 6 to account for such drifts by applying a BMS transformation on the Newman-Penrose Weyl scalar ψ 4 or, alternatively, the transverse-traceless metric perturbation h. Schematically, the framework presented in [64] uses the coordinate positions and Christodoulou masses of the black holes from the horizon data in order to minimize the average distance between the centre-of-mass and the origin
This allows one to estimate the optimal translation and boost (δx, v) that can be used to remove drifts from the numerical waveforms. Although the initial offset of the SXS waveforms can be small, the length of the simulations means that even small boosts can grow into translations that dominate over the initial offsets. As noted in [64] , the procedure detailed above will be susceptible to a number of gauge effects but does remove or mitigate unphysical effects that are not anticipated based on our understanding of analytical waveforms. An updated implementation of the quasi-equilibrium conformal thin-sandwhich initial data formalism was introduced in [65] partly with the aim of controlling the spurious residual linear momenta present in the initial data. However, for the current waveform catalog and subsequent simulations that retain significant residual momenta or develop non-trivial recoils, the waveforms can be post-processed to help eliminate or mitigate such initial offsets and overall drifts.
Coming back to the long 88.4 orbits SXS:BBH:0204 waveform, it might be possible that the strange feature in the modulus as well as the oscillations in the frequency during ringdown are related to such unphysical drifts of the CoM. Before entering this discussion let us recall that: (i) there is no mention of the existence of these effects in papers of the SXS collaboration where this waveform dataset was presented for the first time; (ii) a simulation with the same parameters but smaller initial separation, corresponding to 58 orbits up to merger, SXS:BBH:0203, yields a waveform where the frequency is perfectly flat (no oscillations) and the modulus has a similarly smoother shaper much closer to the EOB one. The SXS:BBH:204 waveform without the com drift yields the bottom panel of Fig. 15 : the modulus is fully consistent, at merger, with the EOB one; the small-amplitude oscillations in the late inspiral part of the modulus have disappeared as well as those in the post-merger part of the frequency.
We have verified that the same picture is true for the other q = 7 datasets although the importance of the com drift depend on the simulation under consideration. For example, it is visible for the (7, ±0.4, 0) data, more evidently for SXS:BBH:0204 and SXS:BBH:0206, and less, but still not negligibly, for the shorter SXS:BBH:0203 and SXS:BBH:0205. By contrast, the effect is practically absent for the (7, ±0.6, 0) datasets, SXS:BBH:0202 and SXS:BBH:0207. This analysis justifies our choice of not using q = 7 data for the NQC fits. Finally, it is interesting to evaluate the impact of the com drift in the usual EOB/NR unfaithfulness comparison, Fig. 17 , where one sees clearly the effect of the removal of the com drift on the longest waveforms. By contrast, as mentioned above, the correction is (essentially) ineffective for the shortest one, except for SXS:BBH:0203, where some effect is seen. The fact that for SXS:BBH:0202 the unfaithfulnessF is found to grow monothonically is mirroring slight inaccuracies in the postmerger interpolating fit, analogously to what discussed in Fig. 7 , as well as the absence of prograde (m < 0) modes (that are somehow present for the negative spin datasets, see Ref. [29] ) in the modelization of the ringdown. Although the values ofF in Fig. 17 are well below the standard target of 1%, it is remarkable that they can be improved not by changing the analytical model, but rather correcting systematics in the NR waveforms.
VI. BAM SIMULATION WITH q = 8
To anticipate future work, let us finally explore how our EOB model performs in a region of the parameter space marginally outside the one covered by the SXS waveform catalog. To do so, we compare the EOB prediction wth one waveform with physical parameters (8, +0.85, +0.85) that was previously produced using the BAM code [44] [45] [46] and employed to calibrate the IMRPhenomD model [13, 48] . This waveform is the same mentioned in Ref. [20] (at one resolution with eccentricity of 1.2 × 10 −2 ) and was checked to be in excellent agreement with an improved one (smaller eccentricity, higher resolution) obtained simulated using the Einstein Toolkit. Following this statement of Ref. [20] we can thus consider this BAM waveform accurate enough for testing the EOB[NR] model we present here. To be clear, we deal now with the new determination of c 3 , but we rely on the interpolating fit for the NQC-extraction point of Section III C and not the one of Section IV B. We have verified that the benefits of using the improved fits are negligible. Figure 18 illustrates the EOB/NR unfaithfulness obtained with this model (dashed, dark-grey, line) that is starting above 1% and eventually crosses the 3% level. Note also that this waveform is very short, so that theF plot largely emphasizes inaccuracies of the late-inspiral, merger and ringdown. The result of Fig. 18 is better understood by comparing the EOB and NR instantaneous GW frequencies, ω 22 , Fig. 19 , after aligning the waveforms on the frequency interval [ω L , ω R ] = [0.3, 0.35], i.e. during the plunge phase. The interpolating postmerger fit provides a frequency at matching point that is too large with respect to the actual value. This eventually means that the EOB and NR waveforms dephase very fast after the matching point, and explains the growth ofF when M is increased and the merger part of the waveforms progressively moves towards the most sensitive window of the detector. However, Fig. 19 also illustrates that the issue comes completely from the postmerger-ringdown part, while the behavior of the EOB frequency provided by the combination of c 3 and of the NQC fit (that, we remind, were determined independently of this dataset) is fully consistent with the corresponding NR one. To highlight this better, in Fig. 19 we show, as a red line, the description of the postmerger waveform obtained using the primary fit instead of the interpolated one. Not surprisingly, in this caseF also drops down to the 10 −3 level (see Fig. 18 ). This fact indicates that the most urgent need to improve our model is to build improved interpolating fits of the postmerger waveform, following [29] , that crucially incorporate NR waveform data with large values of q and large spins. Finally, it is interesting to explore what can be achieved in this case by using the old-fashioned description of the ringdown as a superposition of QNMs with constant coefficients. As above, we use N = 8 QNMs and ∆t QNM = 0.5. Figures 18-19 show that an improvement with respect to the interpolating fit case, though the frequency disagreement close to the onset of the ringing of the fundamental model is still large enough that the unfaithfulness is between 1% and 3%. Although this straightforward approach does not yield a fully satisfying solution to the problem, it still represents a reasonable, and no costly, procedure that can be applied when the interpolating fits looks clearly inaccurate. Also, this is the typical situation that could be solved by the implementation of a "pseudo-QNM" frequency in order to bridge the gap between the merger frequency M ω mrg ≈ 0.45 and ω 8 0.6, that is the frequency of the eight overtone, i.e. the lowest frequency included in the QNMs template.
Let us finally comment on the reason why the ringdown description as a linear combination of QNMs with constant coefficients was rather accurate for (2, +0.87, −0.87) and (3, +0.73, −0.85) while it is not for (8, +0.85, +0.85). This is done, following Ref. [52] , notably Sec. III and Fig. 2 there, by inspecting the diagnostics given by the postmerger waveform where the fundamental mode is factored out,h ≡ e σ1τ +iφ mrg 22 . Here, σ 1 ≡ ω 1 + iα 1 is the complex frequency of the fundamental mode, h ≡ h 22 is the waveform, τ ≡ (t NR − t NR mrg )/M f is the dimensionless time parameter that counts time in units of the final BH mass M f , and φ mrg 22 is the value of the phase at merger (so thath(0) is the real amplitude of the waveform h at merger. The rescaled waveform h is considered as a complex number. It is shown in Fig. 20 for the three NR waveforms considered here. It was noted in Ref. [52] that one can represent the ringdown as a linear superposition of QNMs with constant coefficients only ifh describes an approximately straight line in the complex plane. This is so because the complex frequency differences σ 21 ≡ σ 2 − σ 1 , σ 31 ≡ σ 3 − σ 1 , . . . are approximately real and positive, especially for high spins. By contrast, when the spin of the final BH gets high, the early postmerger parth is seen to strongly rotate, which means that it cannot be represented as a standard superposition of QNMs. This was discussed at length in Ref. [52] , that was focusing in par-ticular on the case (1, +0.97, +0.97) as an example of waveform where one cannot use a linear combination of QNMs with constant coefficients starting from the peak of the waveform (see also Ref. [66, 67] for similar conclusions obtained though using different diagnostics.) Inspectingh for the three datasets considered here, one finds thath is relatively "straight" for (2, +0.87, −0.87) and (3, +0.73, −0.85), that correspond to a f ≈ 0.84 and a f ≈ 0.836 respectively, while for (8, +0.85, +0.85), that yield to a f ≈ 0.89, one has a situation much closer to the (1, +0.97, +0.97) (a f ≈ 0.945) case discussed in Ref. [52] . The precise and quantitative understanding, usingh, of which region of the parameter space can be easily represented by a superposition of QNMs and when one has to resort to alternative description needs precise investigations. As a rule of thumb, when the final BH spin is not too extreme, and thus the postmerger-ringdown waveform relatively short, resorting to a superposition of QNMs usually give reliable results. Typically, this is the case when the black holes are nonspinning or the spins are anti-aligned with the orbital angular momentum. One the contrary, when the transition from inspiral to plunge and merger is more adiabatic, e.g., high spins aligned with the orbital angular momentum, the postmerger part brings many cycles and this is usually inaccurately captured as a superposition of QNMs because of the "rotation" ofh described above. However, there might be many intermediate situations (e.g., unequal masses, one spin up and one spin down) where the straightforward QNMs superposition can be accurate enough for analytical modeling purposes. We plan to analyze these situations quantitatively in future work.
VII. CONCLUSIONS
We have tested the SEOBNR ihes EOBNR model introduced in Ref. [17] (Paper I) on the very large sample of 149 NR, spin-aligned, datasets publicly available through the SXS catalog [28] . Of these 149 datasets, 96 became available only recently, after October 31st 2016. Our most relevant findings can be summarized as follows:
1. We found that, despite the rater small number (40) of datasets that were used to tune the model of Paper I, without any additional change or tuning the model is found to perform rather well all over the full NR sample of 149 configurations. Looking as usual at the EOB/NR unfaithfulnessF , with total mass M varying between 10M and 200M , we find that max(F ) < 1% for all datasets except for four outliers that are in the range 1% max(F ) < 3%. This result by itself probes the robustness of the theoretical construction of Ref. [51] as well as of the NR information procedure of Paper I. In addition, this is also illustrates that only a rather small amount of NR waveform data is effectively necessary to construct a model that would in principle yield an acceptable loss of events (< 10%) if used for detection purposes.
2. We then proceeded by applying minimal changes to the model in order to improve it even further, aiming at having maxF < 1% all over the SXS catalog. To do so, we added three more simulations to those used to inform the model in Ref. [17] , so to provide an improved determination of the next-to-next-to-next-to-leading spin-orbit effective spin-orbit parameter c 3 that slightly modified the EOBNR spinning waveform of Paper I generated away from the equal-mass, equal-spin regime. In practice, this amounts in changing only four numerical coefficients in the global fit of c 3 with respect to Paper I, that are listed in Eqs. (24)- (27) .
The new evaluation of the unfaithfulness is again below 1% except now for two (more) outliers that reacj the 1.1% level at 200M . We show that this is only due to the somehow inaccurate representation of the postmerger-ringdown waveform by means of the phenomenological fit of Ref. [29] that was extrapolating from a small sample of sparse NR waveforms to the full parameter space. When a more accurate representation of the postmerger phase is used, e.g. using a standard superposition of N = 8 QNMs, values of max(F ) lower than 1% are easily recovered (see Fig. 10 ).
3. We analyzed in detail the q = 7 waveform data included in the SXS catalog and concluded that the longest waveforms presents features, around merger, that are due to the spurious motion of the center of mass and, as such, should probably not be used to inform the model. Still, once the unphysical features are (approximately) removed, the consistency of the NR waveform with the EOB prediction is fully recovered, with values ofF well below the 0.1% level.
4. We also compared the EOBNR prediction against a BAM waveform with parameters (8, +0.85, +0.85) that was previously used in Ref. [20] . We find, again, that the Achille's heel of the model is represented by the postmerger-ringdown interpolating fit, while the EOB/NR compatibility up to merger is more than satisfactory (see Fig. 19 ). In this particular case, due to the large value of the spin of the final BH, the standard superposition of QNMs is unable to reliably represent the postmerger phase, though it is able to lowerF below the 3% level. Our analysis suggests that the most urgent needs to improve our model is to produce more accurate representations of the postmerger waveform in order to improve the postmerger-ringdown models of Refs. [20, 29] , in particular for large mass ratios and large spins. The old-style ringdown representation as a superposition of QNMs might still be effective and useful in some corners of the parameter space, but it will not work in more extreme regimes were the NR information is crucial. It would then be useful to have targeted, possibly short and inexpensive, NR simulations with the precise aim of accurately representing the postmerger-ringdown waveform all over the parameter space.
5. The model we presented here was informed and tested on NR waveforms up to mass ratio q = 10 and only up to this mass ratio the model should be (conservatively) considered reliable. We have not included, on purpose, any information coming from test-particle waveform calculations [68, 69] so to extrapolate the model more consistently to larger mass ratios. One of the reasons why we did so is that the EOB resummed waveform and radiation reaction used here [51] is inconsistent with the one of Ref.
[69], that was using higher-PN expressions. Still, the analytical expressions [26] used in [69] proved inaccurate for high values of the spin of the central black hole, and more aggressive resummations of the waveform amplitude were proved to be needed [23] . In future work we shall explore thoroughly the impact of such improved waveform resummation, that might possibly also simplify the determination of the NQC parameters and allow us to obtain simple fits for the NQC parameters instead of relying on fits fo the NR NQC point.In doing so, we will also analyze the impact of NR waveforms with q > 10 [48] in order to carefully check the blending of the present EOB waveforms with the test-particle limit ones.
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Then, the coefficients of this fit are fitted as linear functions of ν. The dependence onâ 0 chosen depends on the quantity as well as on the number of datapoints used. For example, for q > 1 we fit the points with a rational function ofâ 0 that yields for fitting the points in Fig. 11 . For q = 1 we just adopt fourth-order polynomials, and the outcome of the fit is given in Table II . The fits for q > 1 corresponding to the datapoints used in Fig. 3 are given in Table III ; the alternative NQC-point fits that use more NR points, as illustrated in Fig. 11 and related text, are given in Table IV. TABLE III. Same as Table II but for q > 1 and using the NR dataset discussed in Fig. 3 . In this case, the corresponding ω Table II but for q > 1 and using the NR dataset discussed in Fig. 11 . In this case, the corresponding ω original spin-aligned SXS datasets used in Paper I. The columns report: the number of the dataset; the name of the configuration on the SXS catalog; the symmetric mass ratio ν; (q, χ1, χ2), where q = m1/m2 is the mass ratio and χ1,2 are the dimensionless spins; the NR phase uncertainty at merger (when available), in radians, measured taking the difference between the two highest resolution levels (see text for details); the EOB/NR phase difference, in radians, at merger computed using EOB models informed with increasing amount of NR information (see text for details) and imposing an EOB/NR alignment during the early inspiral; the corresponding maximal unfaithfulnesses max (F ), see Eq. (14) .
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